Several investigators (Creaser, 1955; Pardee, 1955; Spiegelman et al., 1955; Horowitz et al., 1958) have shown inhibition of enzyme induction by pyrimidine and purine analogues. The inhibition results apparently from interference with nucleic acid synthesis. In experiments with other compounds which might interfere with nucleic acid metabolism, we found a stimulation of enzyme induction in Escherichia coli with certain 5-amino-2,-bis(substituted-amino)pyrimidines.
Several investigators (Creaser, 1955; Pardee, 1955; Spiegelman et al., 1955; Horowitz et al., 1958) have shown inhibition of enzyme induction by pyrimidine and purine analogues. The inhibition results apparently from interference with nucleic acid synthesis. In experiments with other compounds which might interfere with nucleic acid metabolism, we found a stimulation of enzyme induction in Escherichia coli with certain 5-amino-2,-bis(substituted-amino)pyrimidines.
Experiments are presented in this paper which show that the mechanism of stimulation of enzyme induction is related to enzyme formation rather than to enzyme activation or to the stimulation of the transport of the enzyme inducer into the cell. In another paper (Kunkee, 1960a) , results with bacterial mutants are presented to show at what step in the enzyme induction scheme the stimulation probably occurs.
MATERIALS AND METHODS
Media and cultures. The following strains of E. coli were used: ML, B, 15, K-12 Lacr-("cryptic"), and ML 308. Strains ML and B were kindly supplied by Professor A. B. Pardee of the University of California (Berkeley), strains 15 and K-12 Lacel by Professor S. E. Luria, Massachusetts Institute of Technology, and strain ML 308 by Professor M. Cohn, Washington University (St. Louis).
Cultures of E. coli were maintained on nutrient agar slants. All liquid cultures were grown by shaking at 37 C in Erlenmeyer flasks, filled to one fifth of the capacity of the flask. Seed cultures were made weekly on a glycerol-salts medium (Pardee, 1954) . This medium was prepared from the following stock solution: K2HP04, 70 g; KH2PO4, 20 g; Na3-citrate -2H20, 4.2 g; (NH4)2S04, 10 g; and distilled water to give 900 1 Contribution no. 525, Central Research Department. 43 ml. To 90 ml of this stock solution, 10 ml of 1 per cent MgSO4 *7H20, and 4 ml of glycerol were added, with distilled water, to give a final volume of 1 L of medium. Cultures for experiments were prepared by overnight shaking of an inoculated salts medium containing 0.016 instead of 0.4 per cent (v/v) glycerol. By this technique, cultures of -2 X 108 cells per ml in the log phase (Roberts et al., 1955 ) were obtained. Glycerol was then added to give a final concentration of 0.4 per cent (v/v), and the shaking was continued for about 2 hr to give cultures in the log phase at a concentration of -8 X 108 cells per ml.
For growth of strain Lacl-the medium was supplemented with 0.5 per cent vitamin-free casamino acids (Difco).
Bacterial growth. Bacterial growth was followed by measurements of turbidity in the Coleman Junior spectrophotometer in 10 by 75 mm cuvettes at 420 m,u. A turbidity reading of 0.05 optical density units corresponded to a concentration of -2 X 108 cells per ml as measured by colony count and in the Petroff-Hausser bacteria counter.
Enzyme induction. The induction of both ,Bgalactosidase (Monod and Cohn, 1952) and Dserine deaminase (Pardee and Prestidge, 1955) was studied. Induction was carried out in 25-ml Erlenmeyer flasks, containing 0.3 ml of concentrated glycerol-salts medium (prepared by mixing 9 ml of the above stock salts solution, 1 ml of 1 per cent MgSO4 .7H20, and 0.4 ml glycerol), inducer, indicated amount of test chemical, and distilled water to give 3 ml. At zero time, 1 ml of fresh log-phase culture (-8 X 108 cells) was added to each flask, and the flasks were shaken at 37 C in a reciprocating water bath shaker at one hundred ten 1½1 inch strokes per min. At the indicated time the flasks were removed, and 3 ml of the contents of each flask were transferred to a chilled conical centrifuge tube. The tubes were then centrifuged for 30 to 45 min at 1000 KUNKEE X G, and each pellet resuspended with .3 ml of mineral salts medium lacking glycerol, about 2 ml of the suspension used for turbidity measurement and 1 ml for toluene treatment and assay of induced enzyme. Bacterial growth rate during the induction was logarithmic, and after a short lag period the formation of induced enzyme was proportional to bacterial growth, as measured by protein concentration (figure 3) (Monod and Cohn, 1952) .
Lactose, melibiose (Mann Research Laboratories), and thiomethyl-3-D-galactoside were used for the induction of f-galactosidase, and Dserine was used for induction of D-serine deaminase. The concentrations of each inducer are given in the text. The thiomethyl-fl-D-galactoside was kindly supplied by Professor A. Novick of the University of Oregon.
For induction experiments with strain Lac,-, the medium was supplemented with 0.5 per cent vitamin-free casamino acids.
Toluene treatment of cells. 3-Galactosidase and D-serine deaminase activities were measured in cells after treatment with toluene (Koppel et al., 1953; Pardee and Prestidge, 1955) . We found the best reproducibility of enzyme activity measurements was obtained by shaking the cells with toluene in 10-ml beakers on a Dubnoff metabolic shaking incubator at 37 C for 5 min at about 100 strokes per min. The beakers contained 1 ml of induced cells, after centrifugation and resuspension, and 0.2 ml of reagent grade toluene.
f3-Galactosidase determination. ,-Galactosidase was measured by use of the procedure of Kuby and Lardy (1953) . To a 0.2-ml sample of toluenetreated cells was added 0.8 ml of 0.05 per cent o-nitrophenyl-fl-D-galactoside (Mann Research Laboratories) in 0.1 M Na phosphate buffer of pH 7.25. The tubes were incubated for 15 min at 37 C, and the reaction stopped with 1 ml of 2 per cent Na2CO3. The optical density of the reaction mixture was measured at 420 mju in the Coleman Junior spectrophotometer. When necessary, the toluene-treated cells were diluted with minimal salts medium to give activity within the linear range of the assay. When determinations of ,B-galactosidase in E. coli strain ML 308 or fully induced E. coli strain ML were made, dilutions as high as 40-fold had to be used. Enzyme activity was expressed as optical density, corrected with appropriate blanks, produced by 0.2 ml of toluene-treated cells under the conditions of the assay.
D-Serine deaminase determination. For determination of D-serine deaminase activity (Wood and Gunsalus, 1949; Pardee and Prestidge, 1955) , 0.2 ml of toluene-treated cells was incubated for 20 min at 37 C with 0.2 ml of 0.04 M D-serine in a medium of 0.01 M Na formate, 0.4 mg per ml (ethylenedinitrilo)-tetraacetic acid disodium salt, and 0.04 M Na phosphate buffer, pH 8.0. The reaction was stopped by addition of 0.9 ml of 1.2 N HCI containing 0.17 mg per ml 2,4-dinitrophenylhydrazine. After the reaction mixture had been incubated 20 min at room temperature, 1.7 ml of 2.5 N NaOH were added. The optical densities were read within 30 min at 520 m, in the Coleman Junior spectrophotometer.
When necessary, toluene-treated cells were diluted with minimal salts medium to give activity within the linear range of the assay. Enzyme activity was expressed as the optical density, corrected with appropriate blanks, produced by 0.2 ml of toluene-treated cells under conditions of the assay.
Broken cell preparation. Broken cell preparations were made by treatment of 40 ml of induced cells, after centrifugation and resuspension, in a sonic oscillator (Raytheon 10 kc) for 5 min. For experiments with broken cell preparations, enzyme induction was carried out in 100-ml volumes in 500-ml Erlenmeyer flasks.
Induction in presence of C02. To determine the effect of CO2, enzyme induction was carried out in 10-ml beakers on the Dubnoff' metabolic shaking incubator at 37 C. To chilled beakers containing 0.8 ml of induction mixture of glycerolsalts medium and inducer was added 0.2 ml of chilled culture. At zero time the chilled tray containing the beakers was placed in the water bath shaker. A mixture of 5 per cent CO2 and 95 per cent air was passed through one gassing cover, and house air, as a control, was passed through the other. The flow rate was 4 cu ft per hr. The temperature of the water bath dropped to about 35 C when the chilled tray was added but returned to 37 C shortly. The tray was shaken for 30 min at about 110 strokes per min, after which time the gassing covers were removed, the tray was rechilled, 0.2 ml of toluene was added to each beaker, and the toluene treatment was continued as described above.
Determination of nucleic acid and protein. Induc- (Gornall et al., 1949) . 5-Amino-2, 4-bis (substituted-amino) pyrimidines. 5-Amino-2,4-bis (furfurylamino) pyrimidine was prepared by Dr. D. S. Acker of this department. The synthesis involved treatment of 2,4-dichloro-5-nitropyrimidine with furfurylamine in refluxing ethanol followed by catalytic hydrogenation of the nitro group over Raney nickel. The compound was then isolated as its acetic acid salt. The other substituted pyrimidines were prepared by Dr. L. M. Ellis, also of this department, using essentially the same procedures. The dianilino derivative has been described in the literature (Dille et al., 1955) . Table 1 gives the analytical data and physical constants of the compounds.
RESULTS
Stimulation of enzyme induction. Enzyme induction in E. coli was found to be stimulated in the presence of 5-amino-2,4-bis (furfurylamino) pyrimidine. In figure 1 is seen the effect of this compound on the induction of both f-galactosidase and D-serine deaminase.
In the induction of ,-galactosidase, there was nearly a 2-fold stimulation of enzyme activity by 40 min after the beginning of induction. However, the maximum degree of stimulation of enzyme induction was reached at about 1 hr. (figure 3). The decrease in the degree of stimulation thereafter may be a reflection of the decrease in growth rate of the bacteria in the presence of the compound.
In the remainder of the experiments reported here, only the induction of 3-galactosidase was studied.
Types of compounds bringing about stimulation. Many analogues of 5-amino-2,4-bis (furfurylamino) pyrimidine were tested to determine what structures were required for the stimuilatory activity. It was found that several compounds of the type 5-amino-2,4-bis (substituted-amino) pyrimidine were active (table 1). Although there was great variation in optimal concentration of each of these compounds, the degree of stimulation was the same for each at the optimal concentration. Many struictural analogues, including natural purines, pyrimidines, and RNA (Nutritional Biochemicals Corp.) were not stimulatory. Among the other compounds tested were the corresponding 5-nitro-derivatives, 2,4, 5-and 2,4, 6-triaminopyrimidines, 2-amino-and 2-furfurylaminopyrimidines, 3-furfurylaminopyridine, and 4,5-diaminouracil.
Many naturally occurring compounds, including nucleic acid procursors and amino acids, were [VOL. 79 tested in conjunction with the stimulatory compounds. None was found which enhanced or reversed the stimulation. Folic acid (25 m,ug per ml), a structural analogue of the stimulatory compounds (Kunkee, 1960b) , had no effect on the induction or the stimulation.
Hereafter, unless otherwise noted, the stimulatory compound used was 5-amino-2,4-bis(2-thenylamino)pyrimidine -acetic acid, at a final concentration of 15,ug per ml. This compound will be referred to as "the stimulator."
Effects of variation of strain, inducer, and energy source. The effects of the stimulator were first noted in E. coli strain B, using melibiose at saturating concentration, 0.013 M, as inducer; however, stimulation was also found in the other strains tested, E. coli strains ML and 15, although the optimal concentration of stimulatory compound varied slightly with strain. The stimulation was also found with other inducers, lactose and thiomethyl-f-D-galactoside, and at all levels of the inducers.
It should be noted that in E. coli strain 15 (figure 2), both constitutive and induced /3-galactosidase were formed; some ,B-galactosidase activity was present before addition of inducer.
Stimulation of induction was not dependent upon glycerol as an energy source. The effect of the stimulator was tested on E. coli grown on 0.5 per cent (w/v) sodium succinate in place of glycerol. Stimulation of induction was observed, although the optimal concentration was less than that required when glycerol was used as an energy source (6.5 ,ug per ml compared to 15 ,ug per ml). Stimulation of induction was also observed to the same extent in cells grown on enriched medium2 as on glycerol minimal salts medium.
There was no stimulation of induction unless the stimulator and inducer were present together. That is, E. coli strain ML which had been incubated with the stimulator for 10 min and then washed, did not become induced any faster when melibiose was added than did the control.
Mechanism of action. (Pardee et al., 1958) . (e) The enzyme induction process is stimulated, perhaps by an increased production of a specific enzyme forming system. Experiments designed to test the first three hypotheses are presented in this paper. The rest are discussed in another paper (Kunkee, 1960a It was also shown that the stimulator was not acting by increasing the permeability of the cells to the enzyme substrate (o-nitrophenyl-fl-Dgalactoside) used in the ,B-galactosidase assay.
The stimulation was apparent when enzyme activity was measured in cells disrupted by sonic oscillation as well as when measured in toluenetreated cells or in untreated cells (table 2) .
Other results showed that the stimulation is not mediated by means of an increase in the concentration of some cofactors. There was a linear relationship between enzyme activity and concentration of the broken cell preparation of both stimulated and control cells showing that there was no dilution of cofactors at low concentrations of extract. Furthermore, the addition of heattreated extract of stimulated cells brought about no increase in activity.
Curiously, treatment of induced cells with very high concentrations of stimulator (about 9 times the optimal) brought about an increase of #3-galactosidase activity similar to that produced by toluene treatment. The induced cells, in 1 ml samples, were shaken for 5 min at 37 C in the presence of 130 Ag per ml stimulator (table  3) . This concentration is sufficiently high to inhibit completely /-galactosidase formation. Effect of stimulator on total protein synthesis. The stimulation of enzyme induction may reflect a stimulation of protein production in general. Therefore we examined the rate of protein increase in the presence of the stimulator. In addition, the production of RNA and DNA were examined. Figure 3 illustrates the formation of #-galactosidase, protein, RNA, and DNA in the presence or absence of the stimulator during 2 hr induction. It can be seen that in the presence of the stimulator the formation of protein, RNA, and DNA was less than in the control, thus the stimulation of induction is not the result of an increase in total protein or nucleic acid.
Effect of stimulator on constitutive formation of /3-galactosidase. To determine whether the mechanism of the stimulation is involved in the formation of induced enzyme specifically, the stimulator was tested on E. coli strain ML 308, a strain which is constitutive for ,3-galactosidase (and fl-galactoside permease). In this strain, in which 3-galactosidase is formed in the absence of inducer, there was no stimulation of /-galactosidase formation when the culture was grown for periods up to 1 hr in the presence of the stimulator. (For experiments with strain ML 308, mineral salts-glycerol medium was used, but no inducer was added).
Furthermore, in fully induced cells, obtained by growing the inducible strain ML overnight in the presence of melibiose, no stimulation of induction was found in the presence of the substituted pyrimidine.
Thus, it is apparent that the stimulation is involved uniquely in the mechanism of enzyme induction rather than in mechanisms which are common to the formation of all enzymes and proteins. Effect of stimulator on intracellular level of inducer. The inducer enters the cell either by diffusion or by a metabolic transport system (permease) (Rickenberg et al., 1956) . Action on either of these mechanisms to cause an increase in intracellular concentration of inducer should bring about an increase in induced enzyme synthesis.
Whether the stimulator may act on the permease system was determined using a "cryptic" mutant of E. coli which is incapable of forming galactoside permease to transport the inducer into the cell. The absence of the formation of a permease system was confirmed in the culture we used, E. coli strain K-12 Lacr-, by showing that /3-galactosidase induction occurred at the same rate before and after "preinduction" (Monod, 1956) , and that very high concentrations of melibiose, lactose, or thiomethyl-o-D-galactoside were required to bring about any /-galactosidase formation. In figure 4 is seen the effect of the stimulation of induction in this mutant. in enzyme formation in a mutant which does not contain the permease system, the site of the stimulation must be elsewhere.
The above result also may rule out the possibility that the stimulator brought about an increase in intracellular level of inducer by increasing the permeability of the cell. If the inducer were being made to enter the cell faster, one would expect a decrease in the lag period of induction. However, this did not occur in this mutant; the stimulation of induction in this mutant is about double that of the control at all times (figure 4).
Effect of C02 on induction and stimulation. Novick and Weiner (1957) have reported stimulation of ,B-galactosidase under an atmosphere of 5 per cent CO2. We have confirmed this result but have found that the CO2 stimulation differed from that of 5-amino-2,4-bis(substitutedamino)pyrimidine. The stimulation with the substituted pyrimidine occurred at all levels of inducer, whereas the CO2 stimulation was much more striking at low levels of inducer (table 4).
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SUMMARY
Induction of ,B-galactosidase and D-serine deaminase in Escherichia coli was stimuilated by several 5-amino-2, 4-bis(substituted-amino) pyrimidines on minimal and enriched media. Other natural or substituted pyrimidines and purines tested did not cause or reverse the stimulation.
The stimulation was not the result of an increase in cofactors for the induced enzyme, or of an increase in cellular permeability to the enzyme substrate. The stimulatory compounds did not stimulate the activity of the enzyme after it was formed. Apparently the stimulation occurred by an increased formation of enzyme.
The stimulator seemed to be involved particularly in enzyme induction rather than enzyme formation in general. Total synthesis of protein, or nucleic acid, was not stimulated, and enzyme formation in either fully induced cells, or in cells which form the enzyme constitutivelv, also was not stimulated.
The stimulation did not occur by increasing the intracellular concentration of induicer by stimulating the permease system.
The stimulation was different from the stimulation of induction obtained under atmospheres of high CO2 content.
